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Study of whispering-gallery-mode in a photonic crystal
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The whispering-gallery-mode (WGM) photonic crystal microcavity can be potentially used for miniaturized photonic devices,
such as thresholdless lasers. In this paper, we use plane wave expansion (PWE) method and study the WGM of H2 photonic
crystal microcavities which are formed by removing seven center air holes in a photonic crystal. The WGM in these large-
size cavities has some advantages compared with single defect WGM in the view of real device applications. We analyze the
nearby air hole effect on WGM and conclude that WGM is more sensitive to moving towards the outside rather than moving
towards the inside of anearby air hole. In our case, if anearby air hole is moved 0.1a away from the center, the WGM will
disappear. If anearby air hole is moved 0.6a towards the center, however, the WGM will still exit. We also analyze the
structure with an air hole (r, = 0.2a) in the center of the microcavity, and we find that the WGM is not affected by the central
hole sensitively. Asweincreaser , the WGM remains unchanged until r is 0.64 times greater than period a. It is found that
the tolerance of WGM to the displacement of nearby air holes and the occurance of central holesis large enough to fabricate
electrica injection structure.
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Photonic crystal, akind of artificial periodic didlectric struc-
ture?, has atracted lots of attentions recent years. An im-
portant characterigtic of thisstructureisthe presence of pho-
tonic band gap (PBG). The e ectromagnetic wave propaga-
tion inside a photonic crystal is forbidden in all directions
for a certain frequency range due to the PBG effect. It offers
great possihilities of controlling the flow of photons and re-
sultsin various applications such aslasers?, light-emitting
dioded*, planar waveguides and photonic filters1,
Whispering-Gallery-Mode (WGM) photonic crystal
microcavity isakind of photonic crystal application and can
be potentially used for miniaturized photonic devices, such
as thresholdless laserd®. Compared with square lattice

structures, triangular lattice air hole array structures have a
large photonic band gap for in-plane TE polarization. There
aretwo main reasonsfor working on WGM in photoniccrystal
microcavity. First, the simplestructure and uniform symme-
try of thiskind of microcavity benefit WGM sustaining very
well. Second, both total internal reflection (TIR) effect and
photonic band gap (PBG) effect are related to WGM. The
high Qfactor and large central node with zero fidd distribu-
tion of WGM are very promising and suitable for electrical
injection structure used in microcavity laserg®.

In this paper, we study the WGM of H2 cavities which
areformed by removing seven air holes away from aregular
photonic crystal. The WGM in these large-size cavities has
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some advantages over single defect WGMsin the view of
real device applications. Through plane wave expansion
(PWE) method, we analyze the effects of nearby and central
holeson WGM in the microcavity by moving or introducing
corresponding air holesin the microcavity.

Plane wave expansion (PWE) iswidely used in photonic
crystal researches. The dispersion of the periodically ar-
ranged dielectric structure, also called band structure, can be
obtained by this method. According to the band structures,
many useful parameters could be extracted, such as PBG,
phase vel ocity, energy velocity, mode and so on.

To derivethe equations of the PWE method, we start from
Maxwell’ sequations:
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where D=g&(r)E and B = mH.
Taking time-independent solutions

E(r,t) = E(r)e™ , ®)
H(r,t)=H(e" , (6)
the Helmholtz equation is
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The Block’ stheorm is used
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where n{r) isafunction with the periodicity of the lattice,
and we obtain

Lm<:(ik+l§|)'(?1r)(ik+l§|))'m(:vm( , ©)
where v isthe normalized frequency, and L isan operator
we define. Eq.(9) is the fundamental equation that will be
solved by plane wave expansion. vV iseigenvalue, mis
eigenvector, and k is a free parameter. By solving v in
suitable path in thefirst brillouin zone, aband structure can
be obtained.

In this section, we study the two dimensional air hole
photonic crystal with triangular lattice. The refractive index
of the dlab material ischosen tobe 3.4, theair holeradiusr is
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0.36a, and a isthe periodicity of the triangular lattice. The
microcavity, which is called H2 cavities, isformed by remov-
ing seven air holes in the periodic triangular lattice, aspre-
sentedin Fig.1.

Fig.1 H2 photonic crystal microcavity

Theelectromagnetic fi eld distribution in the microcavity
can be gained by the PWE method. For a structure with a
defect, we need to define a supercell so that the calculation
domain is much larger than a single unit cell of photonic
crystal. We choose the 6x 6 unit cell asthe supercell. And
the numerical domain does not even show the same shape as
the wholly physical structure. In our case the supercell is
diamond-likeasshown in Fig.2.
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Fig.2 Diamond-like supercell

As shown in Fig.3, atypical WGM mode exitsin the
mi crocavity. The mode exhibitsastanding wavepattern aong
the cavity boundary and thereis no el ectromagnetic energy
inthe center. IntheWGM of triangular lattice photonic crys
tal cavities, the number of high-intensity lobesis equal to
that of neighboring holesaround the cavity, so that theWGM
in the H2 cavity has 6 high-intensity |obes.

Then we cal cul ate the photonic band gap, shown in Fig.4.
Thefirg Brillouin zone and K-path are aso shown in Fig.4.
Theband gap is between 0.51a/l and 0.52a/l .



LIU et al.

FNT577
3 e
S S

0.2-0.10.0 0.1 0.2

M K

(a) TM band structure (b) Brillouin zone and K-path

Fig.4 TM-polarization photonic band gap and the first
Brillouin zone of this structure

Firg, we moveone of the nearby air holesoutward for 0.1a,
shownin Fg.5.
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Fig.5 Outward movement of a nearby air hole for 0.1«

Then we smulate this structure mode. TheWGM disap-
pears, athough weonly moveout the nearby air hole dightly.
In other word, theWGM isvery sendtiveto nearby air holes
outward movement.

In the other case, we move one of the nearby air holes
towardsthe cavity center, asshown in Fig.7. Until the nearby
air hole movestowardsthe cavity center morethan 0.6a, the
WGM doesn’t exit. Therefore, the WGM is not sensitive to
thenearby air hole moving towards the cavity center.

We add ahole, whoseradiusisr_=0.2a, in the center of
microcavity, asshown in Fig.9. We also simulate the d ectro-
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Fig.7 Movement of a nearby air hole towards center for 0.3«
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Fig.8 WMG in the cavity with one nearby air hole moving
towards center

magnetic field distribution in the microcavity. Asshown in
Fig.5, we get almog the sameresultsas shown in Fig.3. This
suggests that the WGM in the microcavity isunsensitive to
the central hole or defect. Thisis consistent with the prop-
erty of WMG that thereis no e ectromagnetic energy in the
center.

However, when the center holeradiusr,increasesto 0.643,
the electromagnetic field distribution illustrated in Fig.10
suggeststhat the central holeand the region of WGM overlap,
which disturbsthe electromagnetic field, resulting in thedis-
appearance of WMG.
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Fig.9 Photonic crystal microcavity with a central hole,
r =0.2a
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Fig.10 WGM disappearance with central hole radius of
0.644

In this paper we simulate and analyze WGM of photonic
crystal microcavity. Firgt, we analyze the nearby air hole &f-
fect on WGM. The WGM is senditive to moving out a nearby
air hole but not moving it towards center. When anearby air
hole moves out 0.1a, the WGM disappears. However, even
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if theair hole movesto center for 0.6a, the WGM still exits.
And then we analyzethestructurewith an air hole (r,_ = 0.2a)
in the center of the microcavity. We find that the WGM is
not affected by the center hole at all. Asweincreaser_, we
obtain the same results. Until r_is 0.64 times more than pe-
riod a, the WGM disappears. Thetoleranceof WGM tohole's
displacement and occurenceis sufficient for pratical fabrica-
tion of injection structure. These results mean that WGM is
advantageous to achieve dectrically pumped photonic-crys-

tal lasers.
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